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Abstract

Immune checkpoint blockade (ICB) comprising monoclonal antibodies against immune
“checkpoints” such as CTLA-4 and the PD1/PDL1 axis have dramatically improved clinical
outcomes for patients with cancer. However, ICB by itself has failed to provide benefit in a wide
range of solid tumors, where recurrence still occurs with high incidence. These poor response rates
may be due to the therapeutic shortcomings of ICB; namely, a lack of cancer-specific cytotoxicity
and ability to debulk tumors. To overcome these limitations, effective ICB therapy may require the
combination with other complementary therapeutic platforms. Here, we propose that photothermal
therapy (PTT) is an ideal therapeutic modality for combination with ICB because it can generate
both tumor-specific cytotoxicity and immunogenicity. PTT elicits these specific effects because it
is a localized thermal ablation technique that utilizes light-responsive nanoparticles activated by a
wavelength-matched laser. While ICB immunotherapy alone improves cancer immunogenicity but
does not generate robust antitumor cytotoxicity, nanoparticle-based PTT elicits targeted and
controlled cytotoxicity but sub-optimal long-term immunogenicity. Thus, the two platforms offer
complementary and potentially synergistic antitumor effects, which will be detailed in this review.
We highlight three classes of nanoparticles used as agents of PTT (i.e. metallic inorganic
nanoparticles, carbon-based nanoparticles, and organic dyes), and illustrate the potential for
nanoparticle-based PTT to potentiate the effects of ICB in preclinical models. Through this
discussion, we aim to present PTT combined with ICB as a potent synergistic combination
treatment for diverse cancer types currently refractory to ICB as well as PTT monotherapies.
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Introduction

Immune checkpoint blockade (ICB) has dramatically redefined cancer immunotherapy in the
past decade with the advent of monoclonal antibodies (mAbs) targeting immune
“checkpoints” that unleash potent antitumor immune responses (1). Normal immune cell
function relies on numerous checkpoint molecules expressed on their surface to regulate
activation and/or suppression. The binding of an immune checkpoint molecule to its cognate
ligand on another cell effectively suppresses the immune cell activity by signaling through
an inhibitory pathway. This immune cell downregulation helps to prevent autoimmunity,
graft rejection, and overactive inflammatory responses, by damping the activation signal (2—
6). Many cancer cells exploit this phenomenon by upregulating immune checkpoint ligands
on their surface, such that when an immune checkpoint molecule binds to its cognate ligand
on a cancer cell, the immune cell is “turned off,” thereby allowing the cancer cells to
proliferate without inhibition by an immune response. Critically, ICB prevents this
interaction by binding to either the immune checkpoint molecule (e.g. cytotoxic
lymphocytes-associated antigen-4 (CLTA-4), programmed cell death protein-1 (PD-1)) or
the immune checkpoint ligand (e.g. programmed death-ligand 1 (PD-L1)) to suppress the
inhibitory pathway and enable immune cell activation. This reversal of immunosuppression
is critical for a robust antitumor immune response and has emerged as a promising strategy
to treat cancer.

Although other immune cells such as B cells, NK cells, and antigen presenting cells like
dendritic cells and macrophages play different and unique roles during cancer immune
regulation (7-9), T cell activation is a key phenomenon in generating an antitumor immune
response, as T cells can generate antigen-specific cytotoxicity to effectively eliminate
cellular targets (10, 11). CTLA-4 is a homologue to CD28 found on T cells, mainly on
regulatory T cells (Tregs). Binding of CD28 to molecules of the B7 axis (B7-1/CD80 or
B7-2/CD86) provides costimulatory signals to T cells, generating activation. Alternatively,
binding of CTLA-4 directly to CD80 or CD86 generates inhibitory signals to T cells (Fig.
1a) (12-16). The functional effect of CTLA-4 on T cell activity is controversial; a
comprehensive review of this debate was published recently by Walker et a/. (17). On the
other hand, the PD-1/PD-L1 axis involving T cells is well-described. PD-L1 is a
transmembrane protein expressed on many cancer cell types that binds to PD-1 on the
surface of T cells to cause T cell inhibition and apoptosis (Fig. 1b). This binding also allows
differentiation of regulatory T cells (Tregs) and inhibits their apoptosis, shifting the balance
toward immunosuppression (18).

ICB comprising mAbs targeting CTLA-4, PD-1, or PD-L1 have shown promising outcomes
in various malignancies. Consequently, several ICB mAbs have been US Food and Drug
Administration (FDA)-approved for clinical use in diverse cancer types (Table 1). In 2018, it
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was reported that the percentage of US patients eligible for ICB immunotherapy increased
from 1.5% in 2011 to 43.6% (19). However, these therapies are used on patients that do not
respond to standard cancer therapies, and typically as combination treatments. Further, most
patients that underwent ICB monotherapy did not show long-term tumor remission and some
did not respond to the treatment (20, 21). For instance, among the 43.6% patients eligible for
ICB immunotherapy in 2018, the response rate was limited to 12.5% (19). In fact, the only
successful clinical trials demonstrating long-term survival after ICB monotherapy used
aPD-1 for the treatment of melanoma and small-cell lung carcinoma (Trial ID:
NCT01295827, 2011 to 2019, completed) (22). Reflective of this, in almost all preclinical
studies described in this review, while ICB could not effectively eradicate established
tumors, it did enable improved immune responses. Additionally, ICB mAbs can generate
dose-limiting and sometimes toxic immune-related adverse effects (23, 24). These
limitations highlight the need for improving the response rates to ICB.

An attractive strategy to boost response rates to ICB is combining them with other
therapeutic modalities to improve treatment outcomes. Consequently, many groups have
been investigating combination approaches with ICB that can provide “targets” to
reactivated immune cells with a goal of increasing tumor-specific responses, thus mitigating
the limitations of ICB. ICB has been tested in combination with many standard-of-care
cancer therapies including surgery, chemotherapy, and radiation therapy (25-30). However,
their combination with photothermal therapy (PTT) has been the focus of more recent
studies.

PTT uses light-absorbing agents (primarily nanoparticles) and a wavelength-matched light
source to generate heat, which can be exploited to cause thermal ablation of tumors,
resulting in rapid tumor cell death and debulking (31-34). Temperatures achieved during
PTT, which is a measure of thermal dose and resultant tissue ablation (35-39), can be
controlled based on the concentration of the PTT agents and/or the power of the incident
light source. Non-invasive near infrared (NIR) wavelengths are most commonly used for
PTT as these wavelengths can penetrate deeper into human tissue compared to other
wavelengths (40, 41).

Nanoparticle based-PTT has emerged as a promising cancer therapy, and it may offer several
key advantages to ICB when used as a combination treatment strategy (Fig. 2). First, PTT is
effective in generating cancer cell death. At varied thermal doses depending on cancer cell
type, the heat generated during PTT can cause total tumor destruction, as shown in
numerous /n vitro studies and preclinical /n vivo studies (34, 42, 43). However, in other
models, PTT used as a monotherapy is inadequate in eliminating the tumor completely due
to heterogeneous heat distributions (observed in larger tumors), and a suboptimal immune
response, allowing for local recurrence and metastasis (44). This variability in PTT-based
tumor eradication arises due to several factors, such as nanoparticle concentration, laser
power density, thermal dose, and irradiation time. Researchers are currently investigating the
effects of each of these parameters on cancer cell outcomes such as necrosis, apoptosis,
immunogenicity, and other cellular effects (45-48). Since ICB therapy generates excellent
beneficial immune effects but requires additional help to achieve complete tumor
eradication, combining PTT with ICB could work synergistically to overcome the
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limitations of each individual component; cancer cells are killed by PTT, followed by a
systemic immune response by ICB, thereby eliminating local and distal disease.

Secondly, PTT under certain thermal dose conditions and depending on the cancer cell type
is immunostimulatory. To identify the thermal dose, a parameter called cumulative
equivalent minutes at 43 °C (CEMA43) is calculated by converting time-temperature profiles
into a single normalized value (49). CEM43 values allow the direct comparison of heat
exposure across different tissue types taking heating kinetics into account, and may enable
the identification of a thermal dose that correlates with cancer-specific immunogenic cell
death (43, 50). Several studies in different cancer models have demonstrated immunogenic
effects of PTT, such as immunogenic cell death, maturation of antigen presenting cells
(APCs), increased tumor infiltrating lymphocytes (TILs), increased pro-inflammatory
cytokines in serum, increased effector T cells, and decreased Tregs (43, 50-54). More
recently, many researchers (including our laboratory) are exploring the antitumor immune
effects of PTT to leverage an abscopal effect (55-57), wherein a localized PTT intervention
generates a systemic antitumor response that can eliminate untreated secondary or metastatic
lesions (58). The immunostimulatory effects of PTT are (thus far) not robust enough alone to
completely eradicate distal tumors or metastases but could improve the efficiency of ICB by
providing complementary immunomodulation (43, 50-54).

Lastly, recent studies are evaluating the ability of nanoparticle-based PTT to generate
nanoparticle-mediated antigen capture. Since PTT triggers antigen release post-ablation
(59), locally residing nanoparticles can capture these released antigens, which in turn can
improve immune recognition by antigen presenting cells and T cells, thereby mediating an
improved antitumor immune response (60, 61). This effect can complement ICB by
providing antigen specificity to T cells; if T cells are directed to exert cytotoxicity
specifically on the tumor cells while sparing antigen-poor normal cells, effective dosing and
systemic toxicity may be improved.

Previous reviews have described the advantages of photoimmunotherapy using PTT and/or
photodynamic therapy with a wide range of immunostimulatory molecules including
antibodies, vaccines, immune adjuvants and cytokines (62—-64). Distinct from these earlier
publications, in this review, we highlight the recent advances in nanoparticle-based PTT to
potentiate ICB immunotherapy for treating cancer, summarize the state of the field, and
comment on the potential for its clinical translation. We specifically focus on metal-based
inorganic nanoparticles, carbon-based nanoparticles, and organic dyes as agents of PTT in
combination with ICB because a significant body of literature exists for each of these
platforms. Experimental details, such as nanoparticle sizes, routes of treatment
administration, cell and mouse strains, and other immune adjuvants included in the
nanoparticle platform to boost the immune response, are listed in Table 2. Through the
presented material, we seek to highlight the progress made in combining nanoparticle-based
PTT with ICB, and its promise toward clinical translation.
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Methods
Search Strategy

The databases used for systematically searching and organizing the articles included in this
review were PubMed, Web of Science, and Google Scholar websites. The keywords used in
these search engines comprised the following terms: (Photothermal therapy) AND (immune
checkpoint blockade OR immune checkpoint molecules OR CTLA-4 OR CTLA4 OR PD-1
OR PD1 OR PD-L1 OR PDL1) AND (cancer OR cancer therapy OR oncology),
(Nanoparticles OR Gold nanoparticles OR Iron oxide nanoparticles or Prussian blue
nanoparticles OR metal nanoparticle OR organic dyes) AND (photothermal therapy OR
photothermal agents) AND (immune checkpoint blockade OR immune checkpoint
molecules OR CTLA-4 OR CTLA4 OR PD-1 OR PD1 OR PD-L1 OR PDL1). Data
collection was done throughout the review process, thus no particular start or end date limit
was set. The literature was continuously updated until April 2020. The search was restricted
to combinations of photothermal therapy and immune checkpoints for cancer therapy
applications.

Eligibility Criteria
The studies included in this review were required to meet the following inclusion criteria: (1)
Original research written in English; (2) Combines nanoparticle-based photothermal therapy
and immune checkpoint molecules; (3) Restricted to the immune checkpoint molecules
CTLA-4, PD-1 and/or PD-L1. A few review articles are included in general introduction to
explain well-documented and extensively published topics.

Metal-based Inorganic Nanoparticles

Gold Nanoparticles

Gold nanoparticles (GNPs) are one of the most extensively investigated agents of PTT for
cancer treatment (32, 62, 65-71). When GNPs are excited by light of a specific wavelength,
the collective oscillation of surface plasmons, a phenomenon known as surface plasmon
resonance allows extinction of these surface plasmons, which is effectively dissipated as heat
energy (72, 73). While GNP-based PTT (GNP-PTT) for preclinically treating cancer cells
has been described in the literature over the past two decades, the combination of GNP-PTT
with ICB antibodies has only been demonstrated in the past few years. In 2017, Liu et al.
proposed a Synergistic Immuno Photothermal Nanotherapy (“SYMPHONY™) treatment
strategy for metastatic and unresectable MB49 bladder cancer. GNPs with sharp protrusions
called gold nanostars (GNS) were used as agents of PTT (GNS-PTT) in combination with
anti-PD-L1 monoclonal antibody (aPD-L1) in contralateral tumor-bearing C57BL/6 mice.
GNS were injected intravenously and accumulated at tumor site via enhanced permeation
and retention effect. One tumor was treated with GNS-PTT and the secondary tumor was left
untreated. Mice treated with the combination GNS-PTT with intravenously administered
aPD-L1 exhibited complete tumor regression and long-term survival in 20% of the tumor-
bearing mice, as compared with no long-term survival in tumor-bearing mice treated with
aPD-L1 alone or GNS-PTT alone. Additionally, long-term-surviving GNS-PTT + aPD-L1-
treated mice rejected tumor rechallenge, suggesting that antitumor immune memory had
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been generated. They also demonstrated an increased percentage of CD4+ and CD8+ T cells
and B cells, and a decreased percentage of Tregs in the combination treatment group. This
article represents the first proof-of-concept paper suggesting the synergistic antitumor
immune effects of combining PTT with ICB using gold-based nanoparticles as PTT agents
(74).

Zhou et al. formulated bovine serum albumin (BSA)-bioinspired gold nanorods loaded with
imiquimod (R837), a toll-like receptor 7 (TLR7) agonist as an immunoadjuvant (mPEG-
GNRs@BSA/R837). Dendritic cells (DCs) treated in vitro with mPEG-GNRs@BSA/R837
illustrated the platform’s ability to induce DC activation, a critical first step in engaging an
antitumor immune response. /nn vivo PTT using intratumoral injection of mMPEG-
GNRs@BSA/R837 in combination with anti-PD-1 monoclonal antibodies (aPD-1) in a B16-
F10 melanoma model in C57BL/6 mice generated 80% survival compared to 70% survival
in mice treated with mPEG-GNRs@BSA/R837 + PTT alone, and 10% survival in mice
treated with aPD-1 alone. These data suggest that combining GNP-PTT (here, with another
immunoadjuvant R837) with aPD-1 ICB can marginally improve survival of melanoma-
bearing mice over PTT alone (10% increase), potentially reflecting an additive (rather than
synergistic) effect of combining the individual therapies (75).

While the aforementioned platforms delivered PTT agents and ICB antibodies separately,
Luo et al. co-encapsulated aPD-1 peptide together with hollow gold nanoshells (HAUNS)
within biodegradable poly (p, _-lactic-co-glycolide) (PLGA) nanoparticles (AA@QPN).
Synchronous tumor models were separately established for both colon cancer (CT26) and
breast cancer (4T1) in BALB/c mice; primary tumors were intratumorally injected with the
nanoparticle formulation containing both PTT agent and ICB and treated with PTT, and
secondary tumors were left untreated. In both models, the primary tumors were eliminated
when treated with AA@PN-PTT, and the secondary tumors exhibited delayed growth
kinetics compared to controls, suggesting an abscopal antitumor immune effect. This effect
was mechanistically illustrated by increased IFN-y, CD4+ T cells, and CD8+ T cells in the
spleens, tumors, and PBMCs of AA@PN-PTT-treated animals. Importantly AA@PN-PTT-
treated animals survived significantly longer than aPD-1-peptide treated animals, suggesting
the potential benefit in co-localizing a PTT agent and ICB molecule within a single platform
(76). A subsequent paper from this group investigated the effects of administering Free CpG,
a TLR agonist intravenously post intratumoral injection of AA@PN-PTT. Here, they
described an even more potent antitumor immune response when CpG was added to
AA@PN-PTT in a 4T1 spontaneous metastatic tumor model. Mice treated with AA@PN-
PTT + CpG experienced complete regression of primary and secondary tumors, and minimal
lung metastasis, suggesting added benefit of including an immunoadjuvant in the
combination therapy comprising PTT and ICB. A similar demonstration was also shown in
the CT26 metastatic tumor model (77).

Iron Oxide Nanoparticles

In addition to GNPs, iron oxide nanoparticles (IONPs) represent another class of
nanoparticle used for PTT, although they are clinically used for magnetic fluid hyperthermia
and as contrast agents in magnetic resonance imaging (MRI) (78). Despite successful
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translation as agents for magnetic hyperthermia, their application in PTT is not well
documented, mainly due to the low molar absorption coefficient of IONPs at NIR
wavelengths, leading to poor photothermal conversion efficiencies. Compared with GNPs
and other NIR-responsive metal nanoparticles, a higher irradiation density (>1 W/cm?) or
clustering of IONPs would be needed to ablate effectively a tumor site (79, 80).

To overcome the sub-optimal photothermal conversion efficiency limiting IONPs as agents
of PTT agents, Ge et al. fabricated spherical superparamagnetic particles of iron oxide
(Fe304 SPs) that showed improved PTT characteristics (81). These SPs were encapsulated
within a polymer nanoparticle along with imiquimod (R837) (Fe304-R837 SPs). Here,
Fe304-R837 SPs were utilized for NIR wavelength PTT in combination with aPD-L1 ICB
antibodies on 4T1 breast cancer in BALB/c mice. Analysis of lung metastasis after 24 days
showed few or reduced metastatic masses in mice treated with aPD-L1, but the combination
therapy elicited complete absence of metastatic nodules, indicating the effect of the
combination therapy in eliminating metastasis. In a two tumor model (4T1), where following
intravenous injection of the Fe304-R837 SPs, magnetic accumulation and PTT was
performed on one tumor and the secondary tumor was left untreated, both treated and
untreated tumor regressed showing a strong abscopal effect compared to no tumor regression
in both primary and secondary tumors when treated with aPD-L1 alone (82).

Recently, Chen et al. illustrated the role of Tregs in the efficacy of IONPs-PTT in
combination with aCTLA-4 ICB in a 4T1 breast cancer model in BALB/c mice. Tregs are an
important subset of tumor infiltrating lymphocytes with higher expression of CTLA-4 (83)
and are often associated with poor prognosis in a wide variety of cancers (84). Chen et al.
showed preferential depletion of Tregs post treatment with IONP-PTT + aCTLA-4
combination therapy in 4T1 breast cancer model in BALB/c mice, where aCTLA-4
immunotherapy by itself did not function effectively. Control tumors analyzed 12 days post-
inoculation showed higher levels of infiltrating Tregs, whereas two cycles of IONPs-PTT on
consecutive days showed 3.5-fold depletion in Tregs. In a delayed two-tumor model, when
three intravenous injections of aCTLA-4 was given every three days and 2x PTT on
consecutive days where performed only on primary tumor, 24h post 1x intravenous injection
of IONP, an abscopal effect was observed, with 100% distal tumor rejection. On the
contrary, there was no decrease in tumor growth (similar growth as untreated tumors) with
aCTLA-4 treatment alone. This combination treatment strategy also offered long-term
immunological memory as illustrated by 66.6% tumor-free survival (8/12 animals) of
rechallenged animals, demonstrating successful combination of PTT and ICB therapy (85).

To investigate the effect of aPD-1 in combination with PTT in melanoma, Zhang et al.
synthesized nanoparticles comprising aPD-1, iron oxide, and perfluoropentane in a PLGA
shell modified with PEG and a targeting moiety (GOP@aPD1). Both IONPs and
perfluoropentane served as agents of PTT. In single B16-F10 tumor-bearing C57BL/6 mice,
GOP@aPD1 injected intravenously triggered release of aPD-1 post PTT and induced
toxicity on B16-F10 melanoma cells, as well as increased serum levels of IL-6, TNF-a and
IFN-y compared to PTT. Importantly, GOP@aPD-1-PTT-treated mice exhibited complete
tumor regression compared to equivalent amounts of IONP-loaded NPs + PTT (no aPD-1)
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and aPD1-loaded NPs + PTT (no IONPs), demonstrating the synergistic effect of the
combination treatment (86).

Prussian Blue Nanoparticles

Prussian blue nanoparticles (PBNPs) are FDA-approved for use as sequestering agents for
radioactive poisoning of cesium ions (87, 88), but also have properties making them
excellent agents for PTT. PBNPs have an absorption peak in the NIR range which allows
them to absorb NIR light and convert it heat, which can be utilized to kill cancer cells. We
have shown that PBNPs can biodegrade at a mildly basic pH, mitigating concerns related to
long-term persistence and toxicity of the nanoparticles in the body, and that PBNP-PTT
elicits immunogenic cell death under certain thermal dose conditions (43). We investigated
the combination of PBNP-PTT with aCTLA-4 ICB in a Neuro2A neuroblastoma model in
A/J mice. Neuroblastoma is an aggressive pediatric cancer that is considered to be
immunologically “cold;” that is, they express lower amounts of cancer-specific antigens and
have lower tumor-infiltrating immune cells making then less responsive to ICB alone (89,
90). PBNP-PTT generated increased infiltration of CD45+ leukocytes in treated tumors in
comparison to untreated tumors, suggesting the immunostimulatory effect. Mice treated with
intertumoral injection of PBNP-PTT + intraperitoneal injection of aCTLA-4 showed
complete tumor regression with significantly improved disease-free survival (56%)
compared to its individual components of PBNP alone, aCTLA-4 alone, PTT alone, and
untreated controls. Interestingly, depleting CD4+ and CD8+ T cells using depletion
antibodies completely abrogated the benefit seen with PBNP-PTT + aCTLA-4, with no
improved survival compared to untreated animals, demonstrating the role of T cells in
eliciting an immune response after the combination therapy (91).

Other Metal-based PTT Agents

Other metal-based agents investigated for PTT in combination with ICB are discussed in this
section. Song et al. introduced the first hollow PTT agent, bismuth selenide nanocages
(BioSe3-NC), which encapsulated resiquimod (R848), a TLR7/8 agonist, as an immune
adjuvant. The Bi,Se3-NCs were used for NIR wavelength PTT (92-94) that triggered the
release of R848 in a synchronous 4T1 model of breast cancer. In a two-tumor model, one
4T1 tumor was irradiated with PTT 24h after intravenous administration of Bi,Sez-NCs. In
combination with intravenous aPD-L1 ICB, BioSe3-NC/R848-PTT generated 90% disease-
free survival compared to the NP formulation and aPD-L1 without PTT. Interestingly, 80%
survival was seen in the combination treatment group (in the absence of the R848 adjuvant)
demonstrating improved synergy obtained from combining aPD-L1 with PTT, creating a
vaccine-like immune response even without the additional immunoadjuvant (R484), which
resulted a marginal additional survival benefit (95). These effects were correlated with
increased DC maturation, T cell infiltration, and systemic TNF-a and IFN-vy, suggesting an
antitumor immune response generated by the PTT-ICB combination therapy.

Black phosphorous (BP) is a dichalcogenide semi-conducting transition metal with high
photothermal conversion efficiency and biodegradability (96, 97). Due to these properties,
they have been used as PTT agent for malignancies (98-100). Liang ef a/. designed a
nanovehicle platform of red blood cell membrane (RM)-coated BP quantum dots (BPQD-
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RMNVs) as RMs have been used in decorating nanoparticles to increase systemic
circulation (101-103). BPQD-RMNVs injected intravenously were combined with aPD-1
ICB in a4T1 delayed two-tumor model in BALB/c mice, wherein a primary tumor was
irradiated by NIR laser followed by intravenous administration aPD-1. While the
immunotherapy or PTT alone improved survival days of the treated animals by 30 days, the
combination treatment completely eliminated the primary tumor and prevented the
formation of secondary tumor showing vaccine-like immune effects with 80% long-term
disease free survival and a promising preclinical treatment strategy for triple negative breast
cancer (104).

Copper sulfide nanoparticles (CuS NPs) are p type semiconductors with excellent optical
properties enabling their use as PTT agents using 808 nm and 980 nm lasers (105, 106).
Wang et al. used CuS NPs combined with aPD-L1 ICB for eradicating breast cancer. CuS
NPs were used as agents of PTT and for antigen capture. They studied various polymer
modifications on CuS NPs and found maleimide-PEG (PEG-Mal) coating to potentiate
maximum antigen capture. A two-tumor model was developed using two different cell
numbers of 4T1 cells. CuS NPs-PEG-Mal was intratumorally injected into the primary
(largest) tumor and subjected to PTT on days 1, 3, 5and 7. aPD-L1 was given
intraperitoneally on days 1, 4 and 7. Mice treated with the combination of CuS NPs-PEG-
Mal-PTT + aPD-L1 experienced total primary tumor eradication and significantly delayed
secondary tumor growth compared to mice treated with the single therapies (aPD-L1 or CuS
NPs-PEG-Mal-PTT). The combination treatment significantly increased serum TNF-a,, INF-
v, IL-2 and IL-6 levels and also increased CD3+CD45+ cells and CD8+ T cells compared to
aPD-L1 and CuS NPs-PEG-Mal-PTT, once again illustrating the synergistic effects of PTT-
ICB combination therapy (107).

Carbon-based Nanoparticles

Apart from their extensive investigation in biomedical applications, carbon-based
nanoparticles are gaining interest as PTT agents due to their excellent optical properties,
broad absorption range from UV to NIR wavelengths, large excitation coefficients, and
band-to-band transition in the NIR region (108). They demonstrate excellent drug loading
efficiency, thus their potency as PTT agent is widely studied in combination with
chemotherapy (44, 109, 110). Thus, immunotherapy in combination with carbon
nanoparticle-based PTT can combine the positive aspects of both treatment strategies. Few
studies have described the combination of ICB with carbon nanoparticle-based PTT; here,
we highlight graphene oxide (GO) and carbon nanotubes (CNTS).

Indoleamine-2,3-dioxygenase (IDO) is an immunosuppressive molecule involved in
tryptophan metabolism that can decrease T cell activity; thus, IDO inhibitors (IDOis) been
investigated for their ability to reverse immunosuppression similarly to ICB (111, 112). Few
IDQis (e.g. INCB24360 and NLG919) have been investigated in combination with PTT
(113, 114). Yan et al. combined reduced GO (rGO) with aPD-L1 ICB and epacadostat, an
IDOi. Epacadostat was encapsulated in rGO and coated with PEG and folic acid (PEG-rGO-
FA-IDOI) for improving circulation time and specific accumulation in the tumor site. Two
CT26 colon tumors with varying cell numbers were subcutaneously inoculated
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simultaneously, followed by intravenous injection of PEG-rGO-FA-1DOi, 12h after which
only the primary (larger) tumor was treated with PTT; aPD-L1 injections were administered
intraperitoneally on day 1, 3 and 5 post-PTT. This combination treatment generated
complete elimination of primary tumors and significantly delayed growth of distal tumors,
with high levels of CD45+ leukocyte infiltration and increased proportions of effector and
helper T cells to Tregs within secondary tumors as well as high IFN-y level in serum. These
beneficial antitumor effects were not observed for immunotherapy alone. In fact, aPD-L1
win combination with IDOi failed to suppress both primary and secondary tumors, whereas
the PTT-treated group without immunotherapy effectively suppressed the treated primary
tumor but failed to delay the secondary tumor growth. Thus, these three agents showed
synergistic enhancement of antitumor immunity, again demonstrating the advantage of the
PTT-ICB combination therapy over each monotherapy (115).

Carbon nanotubes (CNTSs), both single (SWCNTSs) and multi-walled, have been also
explored as agents of PTT in addition to other biomedical applications (116, 117). CNTs
have high optical absorption in the NIR spectrum that make them suitable for use as PTT
agents. Studies investigating various coatings on CNTs have demonstrated to reduce their
well-known cytotoxicity, a factor limiting their use for biological purposes (118-120). Wang
et al. was the first to combine nanoparticle-based PTT with ICB. As the first ever proof-of-
concept, they performed intratumoral SWCNT-PTT on primary orthotopic 4T1 breast
tumors in BALB/c mice combined with intravenous aCTLA-4 ICB, which generated
elevated pro-inflammatory cytokines TNF-a IL-12P70, IL-6 and IL-1p in blood sera, and
DC maturation. This correlated with the ability of SWCNT-PTT to generate maturation of
bone marrow-derived DCs in vitro, suggesting its role in immunostimulation. In a delayed
two-tumor model, the combination treatment of SWCNT-PTT and aCTLA-4 generated
complete regression of both tumors, decreased the amount of Tregs, and increased the
effector T cells in the secondary tumors compared to surgery + aCTLA-4, surgery alone or
aCTLA-4 alone. To establish a lung metastasis model, 4T1 cells were first injected
orthotopically in the mouse breast pad to establish primary tumor, followed by intravenous
injection of 4T1 cells after a week to establish lung metastases. In this model, the SWCNT-
PTT of primary tumor combined intravenous injection of aCTLA-4 combination caused low
to no lung metastasis, illustrating the ability of the combination therapy to trigger the
adaptive immune response and elicit antitumor immunity (121).

Organic Dyes

Many organic dyes undergo photoexcitation followed by non-radioactive relaxation of the
excited species. This non-radioactive relaxation can generate heat that is utilized for killing
cancer cells during PTT. Various organic dyes such as cyanine-based dyes (e.g. indocyanine
green (ICG)) including heptamethine cyanines (e.g. IR825, IR780, IR808, IR2) and
phthalocyanines (e.g. metallo-naphthalocyanines), diketopyrrolopyrrole-based agents,
croconaine-based dyes, porphyrin-based dyes, polymer-based dyes (e.g. polypyrrole) have
been used for PTT either as free agents or within nanoparticles. These formulations have
been used alone and in combination with chemotherapy, radiation therapy, immunotherapies
or therapies targeting epigenetic modulation (50, 122, 123). Here, we review the latest
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studies using the organic dyes ICG, polydopamine and IR820 as PTT agents in combination
with ICB.

Indocyanine Green

Chen et al. used PLGA nanoparticles encapsulating ICG as a PTT agent and R837, a TLR-7
agonist as adjuvant immunotherapy (PLGA-ICG-R837), in combination with aCTLA-4 ICB
in 4T1 breast and CT26 colon cancer models. Without PTT or ICB, PLGA-ICG-R837 alone
was able to increase DC maturation (CD11+CD80+CD86+) in lymph nodes, and increase
IL-6, IL-12p70, and TNF-a in the sera of 4T1- and CT26-bearing mice over individual
components. The combination PLGA-ICG-R837-PTT (intravenous injection of PLGA-ICG-
R837 followed by PTT after 24h) + aCTLA-4 therapy was investigated in a metastatic breast
cancer model, wherein a primary tumor was inoculated in the breast pad and 4T1 cells were
injected intravenously to seed metastases. Primary tumors were either treated with PTT or
removed by surgery, and aCTLA-4 injections were subsequently administered intravenously.
Mice treated with PLGA-ICG-R837-PTT + aCTLA-4 showed complete reduction in tumor
volume and a significant increase in disease-free survival, correlating with increased T cell
infiltration and decreased levels of Tregs in secondary tumors compared to surgery +
aCTLA-4 or any other individual therapy. These results suggest the synergistic immune
functions of PTT, R837, and aCTLA-4. Similar trends were observed in the synchronous
CT26 colon cancer model (124).

A study by Wang et al. explored the potential of nanoparticles to act as a platform for
antigen capture during a combination of photodynamic therapy (PDT), PTT, and ICB
therapy. A core/shell upconversion nanoparticle (UCNP) was used to assemble ICG as an
agent for PTT agent, rose Bengal (RB) as an agent for PDT, and 1,2-distearoyl-sn-glycero-3-
phosphoethanolamine-N-[maleimide(polyethylene glycol) (DSPE-PEG-mal) lipid molecule
as an agent for antigen capture. They demonstrated that UCNP/ICG/RB-mal generated heat
(from PTT) and reactive oxygen species (from PDT), and immunogenic cell death in 4T1
breast cancer cells upon NIR laser irradiation /n vitro. Released antigens from the /n vitro
treatment were incubated with the nanoparticles, illustrating effective antigen capture by
measuring changes in size, charge, and protein content on nanoparticles. In an /n vivo study
using a 4T1 orthotopic model in BALB/c mice, intratumoral injection of UCNP/ICG/RB-
mal + PTT with aCTLA-4 ICB therapy demonstrated improved therapeutic effects,
increasing survival rate to 83% compared to UCNP/ICG/RB-mal + PTT alone with no
aCTLA-4 (67%). Interestingly aCTLA-4 alone did not result in any survival benefit or tumor
suppression compared to control. In a rechallenge study, 50% of the combination treatment
group rejected the tumor showing it induces durable antitumor immunity (61). These results
illustrate the potential for nanoparticle-based PTT to improve ICB therapy in combination
with other modalities (i.e. PDT, antigen capture).

Polydopamine

Polydopamine is a major pigment of naturally occurring melanin and possesses optical
properties similar to melanin, enabling its excitation with 808 NIR lasers. Polydopamine is
also biocompatible (125). Tian et al. demonstrated the use of polydopamine nanoparticles
(PDMN) with an immune checkpoint inhibitor, JQ1. According to them, this was the first
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demonstration of using a non-antibody-based immune checkpoint inhibitor with PTT. JQ1 is
a bromodomain and extra-terminal (BET) inhibitor that disrupts interaction between BET
proteins and acetylated histones leading to inhibition of transcription of tumorigenic genes
like c-MYC. Recently, JQ1 has been proven to down-regulate PD-L1 by reducing c-MYC
transcription (126). One main disadvantage of JQ-1 is that it is hydrophobic, thereby
limiting its bioavailability. Thus, encapsulating it within a nanoparticle platform can promote
bioavailability (122). PDMNs were used as both agents of PTT and as a biodegradable
delivery platform for JQ1. /n vitro analysis showed decreased BRD 4, c-MYC and PD-L1
expression on 4T1 cells exposed to JQ1 and JQ1 loaded PDMN (PDMN-JQ1). Addition of
JQ1 did not change the heating efficiency of PDMN. An /n vivo study using 4T1 single
tumor model, where the established tumor in the flank of the animals was intratumorally
injected with nanoparticle formulation, showed delayed growth of tumors treated with
PDMN-JQ1-PTT. Analysis of tumors post-PTT showed reduced PD-L1 levels for JQ1
containing groups (JQ1-PTT and PDMN-JQ1-PTT), but increased lymphocyte infiltration
was seen only for PDMN containing groups after thermal therapy (PDMN-PTT and PDMN-
JQ1-PTT). PDMN-PTT also increased CD8+ T cells infiltration, which was further
increased by the presence of JQ1 in PDMN-JQ1-PTT. A similar trend was observed for
TNF-a, INF-y and IL-2 levels in serum. In a delayed 4T1 two-tumor model, the
combination therapy on primary tumor significantly delayed the growth of secondary
untreated tumor and also increased systemic CD8+ central memory T cells (127).

Another interesting study was conducted by Chen et al. using polydopamine-coated with
Salmonella\VNP20009 bacteria (pDA-VNP) as a PTT agent, in combination with a PD-1
antagonist, AUNP-12 peptide, embedded within phospholipid-based phase separation gel (P-
AUNP). The bacteria provided deep penetration of the polydopamine (PTT agent), and the
phase separation gel helped slow and sustained release of AUNP-12 for up to 42 days. In a
B16-F10 melanoma model, mice treated with the combination therapy were intravenously
injected with pDA-VNP, and P-AUNP was injected subcutaneously surrounding the
established tumor. For groups treated with laser irradiation, PTT was conducted 3 days post
pDA-VNP and P-AUNP injection. Mice treated with pDA-VNP+P-AUNP+PTT showed
complete remission of tumor and a median survival of 70 days as compared to 55 days and
14 days for mice treated with pDA-VPN+PTT and P-AUNP, respectively. Furthermore, the
triple therapy group also showed significantly increased tumor infiltration of CD8+ T cells,
tumor INF-y and TNF-a, compared to the P-AUNP-treated group. The AUNP-12 peptide
containing groups (P-AUNP and pDA-VNP+P-AUNP) showed significant decreases in PD-
L1 expression on B16-F10 tumor cells and PD-1+ T cells within the tumors, suggesting a
robust immunopermissive environment. The triple therapy also increased CD8+ T cells in
spleen and serum IgG, 1gG1, 1gG2a, INF-y and TNF-a levels compared to P-AUNP group,
illustrating a strong systemic immune response. These studies suggest the potential for
combined biotherapy, PTT, and ICB for the elimination of melanoma (128).

A multi-modal theragnostic platform using polydopamine as the PTT agent and carbon dots
(CDs) as imaging probes was designed by Lu et al (129). CDs have photothermal efficiency
and thus can also be considered as agents of PTT. PEG-coated polydopamine nanoparticles
were coated with CDs and immune adjuvant R848 (PDA-PEG-R848-CDs) and combined
with aPD-L1 ICB to target 4T1 breast cancer. The release of R848 was facilitated by the
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heat produced during PTT. Biodistribution studies showed accumulation of intravenously
injected PDA-PEG-R848-CDs in liver, kidneys and tumor compared to free CDs showing
improved accumulation and retention properties of nanoparticles compared to free small
molecules (129). Single 4T1 tumor-bearing mice treated with PDA-PEG-R848-CDs + PTT
(3 intravenous injections and 3 PTT cycles) showed an 80% survival benefit, prompting an
efficacy study in a two-tumor model combining with aPD-L1 to improve immune benefits.
In the delayed two-tumor model, Lu et al. injected PDA-PEG-R848-CDs intravenously and
irradiated only the primary tumor after 24 h. Multiple doses of aPD-L1 were administered
intravenously on days 1, 3 and 5 post NP injection. PDA-PEG-R848-CDs + PTT with no
aPD-L1 caused complete primary tumor eradication but failed to delay the growth of
secondary tumor. PDA-PEG-R848-CDs + PD-L1 but with no PTT intervention failed to
suppress both primary and secondary tumor. The combination treatment successfully
suppressed the growth of both primary and secondary tumors and showed increased tumor
infiltration of CTLs and increased serum TNF-a and INF-g levels, again illustrating the
promising combined effects of PTT-ICB photoimmunotherapy (129).

Huang et a/. designed a liquid gel (LG) depot made of soybean phosphatidylcholine and
glycerol dioleate loaded with IR820 and aPD-L1 (aPD-L1/I@LG). IR820 was used as an
agent of PTT to generate hyperthermia, causing the LG to undergo a gel-to-solid phase
transition, thereby melting the construct and releasing the encapsulated aPD-L1. They
termed the treatment scheme symbiotic mild photothermal-sensitized immunotherapy
(SMPALI). They found that this mild PTT can increase infiltration of immune cells in the
tumor microenvironment (TME) but can also generate upregulation of PD-L1 on tumor
cells, thereby shifting the balance toward immunosuppression in the absence of aPD-L1
mAbs. This effect can “prime” the tumor for targeting by aPD-L1 present in the combination
therapy. To validate that SMPAI could generate an antitumor immune response, PTT was
performed on non-immunogenic (poor in TILs) 4T1 breast tumors intratumorally injected
with aPD-L1/1@LG, resulting in complete regression of the treated tumor. Interestingly,
IR820+PTT with no aPD-L1 ICB was ineffective, potentially due to the immunosuppression
created by PD-L1 upregulation on tumor cells post-mild PTT. Post-treatment analysis
revealed DC maturation in inguinal lymph nodes, increased CD4+ and CD8+ T cells and
lower levels of Tregs and myeloid-derived suppressor cells (MDSCs) in the spleen and
tumor, and increased levels of TNF-a and IFN-y in the sera of SMPAI-treated mice
compared to aPD-L1/I@LG without PTT, suggesting that local PTT sensitizes the tumor for
aPD-L1 therapy. SMPAI was also able to generate an abscopal effect in mice bearing
synchronous 4T1 tumors, and a systemic effect in mice bearing metastatic 4T1 tumors,
suggesting its applicability in many stages of disease. Similar results were also obtained in
B16-F10 melanoma, another non-immunogenic tumor model (130).

Discussion and Future Perspective:

Both ICB immunotherapy and PTT are promising platforms for cancer therapy, but
limitations still exist for their use as monotherapies. ICB is effective in generating immune
responses, but is often associated with immune-related adverse events at doses used in clinic
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(23, 24). PTT, on the other hand, generates excellent cytotoxicity (thermal ablation) of
treated tumors, but may only exhibit antitumor immunogenicity at a very specific thermal
dose (that is not sufficiently cytotoxic) (43). In this review, we have highlighted studies
synergistically combining ICB and nanoparticle-based PTT. These studies demonstrate that
nanoparticle-based PTT can potentiate the promising antitumor effects of ICB
immunotherapy observed both preclinically and clinically.

Interestingly, nanoparticle-based PTT was shown to impact immunogenicity of tumor cells
under certain conditions, albeit with suboptimal responses. In particular, PTT alone (without
additional immunotherapy) increased PD-1 expression on CD4+ and CD8+ T cells (74),
significantly depleted tumor-infiltrating Tregs (85), and recruited antigen presenting cells to
the TME (90). A critical consideration in optimizing nanoparticle-based PTT for
combination with ICB is finding the appropriate thermal dose. We have demonstrated that
immunogenic cell death occurs at a specific thermal window, depending on the cancer type
(43, 50, 52). Table 2 presents the temperatures attained during PTT in different tumor
models reviewed here. Unfortunately, most of the studies we highlight do not discuss
thermal dose, nor explain their rationale for choosing a particular temperature. Even fewer
studies provide details about the effect of PTT on immunogenic cell death. We propose that
choosing an effective cancer-specific thermal dose is an important parameter for maximizing
the antitumor immunological effects of PTT for use in combination with ICB
immunotherapy. The dosing strategy also appears to be a significant factor in driving the
success of combining PTT with ICB. Most studies discussed in this review applied a single
nanoparticle-based PTT approach, with multiple doses of ICB following the PTT treatment,
but some differed; for example, four doses of mild PTT on consecutive days (130), ten
cycles of PTT 24 hours after intravenous NP injection (76), two doses of PTT on
consecutive days (85). A thorough investigation of the different PTT dosing strategies can
help describe the optimal dose for each tumor type. Another trend observed in the presented
studies is that while nanoparticle-based PTT alone can cause complete tumor regression of
treated tumors, it fails to maintain long-term systemic immunity, allowing secondary or
distal tumors to progress.

Based on these observations in the published literature, we hypothesize the following
mechanism of action driving the robust responses to nanoparticle-based PTT in combination
with ICB. Thermal ablation of an accessible tumor by PTT leads to production of tumor-
specific antigens in the TME. Antigen-presenting cells in the vicinity of the PTT-irradiated
region take up these antigens, migrate, mature, and present them to the T cells in draining
lymph nodes. The T cells, after recognizing these antigens, differentiate into cytotoxic CD8+
and are recruited to the TME causing tumor regression. Furthermore, these cells can
differentiate into memory T cells, which is important to maintain long-term memory to
prevent recurrence and help eliminate distal metastasis. On the other hand, CD4+ T cells can
also directly recognize the tumor-specific antigens and release cytokines to trigger a clonal
expansion of cytotoxic CD8+ T cells, attacking remaining tumor cells. Complementary to
this, ICB antibodies (e.g. aPD-1/aPD-L1, aCTLA-4) function by blocking
immunosuppressive signalling pathways on T cells (13, 18). Thus, the antigens produced
after PTT by the dying cells acts as a vaccine and hence combining it with ICB can further
activate an immune response. Overall, PTT in combination with ICB may lead to a strong
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antitumor response with long-term immune memory for effectively eradicating primary and
metastasized tumors.

As many ICB antibodies are FDA-approved for clinically treating cancer, successful clinical
translation of combination PTT and ICB will first rely on the clinical translation of PTT. We
propose that PTT may be seamlessly incorporated into existing operating room
infrastructure (e.g. clinical grade lasers, syringes and needles to administer nanoparticles,
existing anesthetic or analgesics, etc.); however, each nanoparticle formulation must
individually be approved as agents of PTT. We envision the administration of PTT and ICB
as an outpatient procedure (for accessible tumors) or in an intra-operative setting (for deeper
tumors or tumors requiring additional surgery). For deep-seated tumors, researchers are
developing laser instrumentation for interstitial PTT (iPTT) to administer PTT within the
tumor tissue rather than superficially. Ongoing research seeks to optimize iPTT to apply the
beneficial effects of PTT (with and without ICB) for a variety of tumor types in the clinic
(131-134).

To conclude, the combination of nanoparticle-based PTT with ICB immunotherapy has
immense potential to function as a successful cancer therapy platform, especially because
they mitigate each other’s limitations, working synergistically to improve tumor reduction
and long-term disease-free survival benefits. Ongoing studies will help identify the
appropriate thermal dose and dosing strategy for nanoparticle-based PTT to prime an
optimal antitumor immune response, which can potentiate the benefits of ICB
immunotherapy across several tumor types. These studies along with potential iPTT to target
multiple tumor types, are expected to play an important role in facilitating the clinical
translation of this novel therapeutic combination for cancer.
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Fig 1.

Rgpresentative mechanisms of action of monoclonal antibodies used in immune checkpoint
blockade. (A) The binding of CTLA-4 to CD80/86 results in inhibition of T cell activity. An
antibody to CTLA-4 (aCTLA-4) prevents this inhibitory interaction resulting in T cell
activation. (B) The binding of PD-L1 to PD-1 on T cells results in inhibition of T cells.
Monoclonal antibodies to PD-1 (aPD-1) and PD-L1 (aPD-L1) prevent this inhibitory
interaction resulting in T cell activation.
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Fig 2.

chhematic representation of the advantages of combination of nanoparticle-based
photothermal therapy (PTT; panel A) with immune checkpoint blockade (ICB; panel B). (A)
PTT can cause 1. Total tumor ablation; 2. Release of tumor-specific antigens and adjuvants
by cancer cells in the tumor microenvironment (TME) that can help recruit immune cells
and 3. The nanoparticles used as PTT agents can capture the released antigens and adjuvants
at the TME leading to a long-lasting and improved localized immune response. (B) Addition
of immune checkpoint blockade (ICB) such as aPD-1, aPD-L1 and aCTLA-4 can increase
systemic immune response and produce long-term memory. Together PTT and ICB can
work synergistically as an effective combination therapy for rapid tumor debulking and
improved long-term tumor protection respectively.
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U.S Food and Drug Administration approved immune checkpoint blockade

Antibody Name

Trade name/
Manufacturer

Function/
Target

Route of
administration

Approved for

Ipilimumab (2011)

Pembrolizumab
(2014)

Nivolumab (2015)

Atezolizumab
(2017)

Avelumab (2017)

Durvalumab (2017)

Cemiplimab (2018)

YERVOY® Bristol-
Myers Squibb Co

KEYRUDA® Merck
&Co Inc

OPDIVO® Biristol-
Myers Squibb Co

TECENTRIQ®
Genentech Inc

BEVENCIO® EMD
Serono Inc

IMFINZI® AstraZeneca

UK LTD

LIBTAYO® Regeneron

Pharmaceuticals

CTLA-4
inhibitor

PD-1 inhibitor

PD-1 inhibitor

PD-L1

inhibitor

PD-L1
inhibitor

PD-L1
inhibitor

PD-1 inhibitor

Intravenous infusion

Intravenous infusion

Intravenous infusion

Intravenous infusion

Intravenous infusion

Intravenous infusion

Intravenous infusion

Melanoma, Renal cell carcinoma, Metastatic
colorectal cancer

Advanced melanoma, Advanced non-small cell
lung carcinoma, Advanced small cell lung
carcinoma, Head and neck cancer, Classical
Hodgkin Lymphoma, Primary mediastinal B-cell
lymphoma, Bladder and urinary tract cancer,
Gastric cancer, Esophageal cancer, Cervical
cancer, Hepatocellular Carcinoma, Renal cell
carcinoma, Merkel cell carcinoma, Endometrial
cancer, Microsatellite instability high solid
cancers

Metastatic melanoma, BRAF+ Melanoma for
patients non-responsive for BRAF inhibitor,
Squamous non-cell lung carcinoma, esophageal
cancer

Urothelial carcinoma, Non-small cell lung
carcinoma, Small cell lung carcinoma, Triple
negative breast cancer,

Merkel cell carcinoma, Urothelial carcinoma,
Advanced renal cell carcinoma

Locally advanced or metastatic urothelial
carcinoma, Unresectable stage 111 Non-small cell
lung carcinoma

Cutaneous Squamous cell carcinoma (surgery
and radiation non-responders)
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